Very little is known about the regulation of protein metabolism in adipose tissue. In this study systemic, adipose tissue, and forearm phenylalanine kinetics were determined in healthy postabsorptive volunteers before and during a 2-h glucose infusion (7 mg и kg Ϫ 1 и min Ϫ 1 ). [ 3 H]Phenylalanine was infused and blood was sampled from a radial artery, a subcutaneous abdominal vein, and a deep forearm vein. Adipose tissue and forearm blood flow were measured with 133 Xe and plethysmography, respectively, and body fat mass was determined by dual energy x-ray absorptiometry. During glucose infusion, glucose concentration increased from 86 Ϯ 2 to 228 Ϯ 13 mg/dl and insulin concentration increased from 6.6 Ϯ 0.6 to 35.0 Ϯ 3.9 mU/liter, both P Ͻ 0.001. Systemic phenylalanine appearance decreased from 40.3 Ϯ 1.9 to 37.0 Ϯ 1.6 mol/min during glucose infusion ( P Ͻ 0.05). Baseline whole body adipose tissue phenylalanine release (5.2 Ϯ 1.4 mol/min) was ‫ف‬ 12% of systemic phenylalanine appearance and decreased ( P Ͻ 0.05) to 2.3 Ϯ 0.9 mol/min during glucose infusion. In contrast, phenylalanine release from the forearm did not change during glucose infusion. These results indicate that adipose tissue is a small but significant contributor to systemic phenylalanine appearance. 
Introduction
In vivo protein turnover is often measured with stable or radioactive tracers of leucine (1, 2) , lysine (3) , and phenylalanine (4) . These methods allow a noninvasive assessment of protein synthesis and breakdown (3) and have been widely used to characterize the regulation of protein metabolism in normal, diabetic, stressed, and obese subjects (5-7) by insulin (8) , gluco-corticoids (9), catecholamines (10) , and growth hormone (11) .
When an amino acid tracer is used in combination with the arteriovenous balance technique, it is possible to partition uptake (an indicator of protein synthesis) from release (an indicator of protein breakdown). Using a phenylalanine tracer, Barrett and colleagues have applied this technique (12) to the study of amino acid metabolism in skeletal muscle (13) and myocardium (14) . Phenylalanine is particularly useful because it is not broken down in extrahepatic tissues (13) . Thus, phenylalanine disappearance has been used as an index of protein synthesis in these tissues. Although skeletal muscle is by far the largest depot of body protein, it appears that, in relative terms, the splanchnic bed is a more active site of amino acid turnover (15) .
Although protein turnover occurs in all tissues, the relative contribution of tissues such as brain, kidney, and adipose tissue to whole body protein economy and the dynamics of the regulation of protein metabolism in those tissues are not known. Physiological hyperinsulinemia has been shown to suppress systemic protein breakdown (8) . The site(s) of this effect of hyperinsulinemia on proteolysis is (are) not known, but likely include(s) tissues other than skeletal muscle (16) . In this study we have combined arteriovenous sampling across forearm and adipose tissue with infusion of a phenylalanine tracer to determine the relative contribution of adipose tissue to systemic phenylalanine turnover and the response of adipose tissue and forearm phenylalanine kinetics to glucose infusion in healthy human volunteers.
Methods
Subjects. 11 normal male volunteers were studied after obtaining written, informed consent. All volunteers were healthy nonsmokers and were taking no medications. Chemistry screen, hematology screen, and urinalysis were normal in each subject.
The subjects were admitted to the Mayo General Clinical Research Center at 1700 and on arrival ate a standard meal containing 20 kcal и kg lean body mass (LBM) Ϫ 1 with 50% of calories as carbohydrate, 30% as fat, and 20% as protein. Thereafter the subjects consumed only clear caffeine-and calorie-free liquids. Body fat mass was determined by dual energy x-ray absorptiometry (Lunar Instruments, Madison, WI) (17) . The characteristics of the subjects are shown in Table I .
Protocol. The protocol is depicted in Fig. 1 . At 0700 the subjects were awakened, and blood sampling cannulae were inserted (using local anesthesia) into a radial artery, a superficial abdominal vein (18) , and a contralateral deep forearm vein (19-24). An infusion cannula was placed in a forearm vein ipsilateral to the arterial cannula, and all cannulae were kept patent with controlled infusions of 0.9% NaCl. In brief, the superficial abdominal vein was sampled from a cannula whose tip was just inferior to the inguinal ligament (by surface anatomy) (18, 25) . A deep forearm (antecubital, usually the median cubital) vein was cannulated (19) (20) (21) (22) (23) (26) (27) (28) and samples were taken after exclusion of the hand circulation for 2-3 min by a sphygmomanometer cuff inflated to 60-100 mmHg above arterial pressure. In two subjects, no anatomically suitable antecubital vein could be cannulated. The antecubital catheter was repositioned if necessary to achieve oxygen saturation Ͻ 60%, and the samples were not analyzed if this was not accomplished (28) .
After the cannulae were in place, a primed (25 Ci) constant infusion of L -[ring 2,6- Xe in 0.5 ml sterile saline was injected into the subcutaneous abdominal adipose tissue in the drainage of the abdominal vein being sampled to estimate adipose tissue blood flow (29) (30) (31) (32) . The rate of washout of the depot of lipophilic xenon was monitored by an exter-nal NaI detector, maintaining counting geometry, and after allowing a period of 60 min to permit resolution of any hyperemia associated with depot insertion. The rate of washout depends upon blood flow around the depot and the relative solubility of xenon in blood and adipose tissue.
At time 0 a 2-h infusion of 50% glucose was infused at 7 mg и min Ϫ 1 и kg body weight
. Blood samples were obtained from all three sampling cannulae at Ϫ 30, Ϫ 20, Ϫ 10, and 0 min and again at 90, 100, 110, and 120 min.
Analyses. Adipose tissue blood flow was estimated from the decay of 133 Xe radioactivity, assuming a monoexponential decay and partition coefficient of 8.2 for adipose tissue/blood (33) . Forearm blood flow was measured using a mercury strain gauge plethysmograph (34) . Both forearm and adipose tissue blood flows were measured between Ϫ 30 and 0 min and again between 90 and 120 min.
Blood samples were taken and immediately transferred to precooled tubes containing EDTA and kept on ice until centrifuged at 4 Њ C, which was done within 30 min of the sample being drawn. Plasma was then stored at Ϫ 70 Њ C.
Plasma phenylalanine concentration and specific activity were measured by a modification of the HPLC method of LeCavalier et al. (35) . The molarity of the sodium phosphate mobile phase was reduced from 0.2 to 0.05 M and the flow rate was reduced from 1.4 to 1.0 ml/min. Measurements were made on 1.0-ml (instead of 2.0 ml) aliquots of plasma, and methylene chloride extracts were backextracted into 0.05 M (instead of 0.2 M) Na 2 PO 4 (pH 7.0).
Glucose concentration was determined using a Beckman Glucose Analyzer 2 (Beckman Instruments, Carlsbad, CA). Plasma insulin concentration was determined by radioimmunoassay (36) .
Calculations and statistics. The following steady state formulae were used to calculate systemic and regional phenylalanine kinetics:
where [ Phe ] is plasma phenylalanine concentration; SA is plasma phenylalanine specific activity; a is arterial; v is venous; and PF is plasma flow. These formulae are essentially identical to those used by Gelfand and Barrett (13) . Mean values for concentration and specific
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Uptake Release -= Figure 1 . Study protocol. The arrows indicate blood sampling. 
Results
Near steady state conditions were achieved for both arterial glucose and insulin concentrations (Fig. 2) . Plasma glucose increased from 86 Ϯ 2 to 228 Ϯ 13 mg/dl ( P Ͻ 0.001) and plasma insulin increased from 6.6 Ϯ 0.6 to 35.0 Ϯ 3.9 mU/liter ( P Ͻ 0.001) during glucose infusion.
Adipose tissue blood flow decreased significantly ( P Ͻ 0.05) from 5.5 Ϯ 0.9 to 4.2 Ϯ 0.8 ml и min during the glucose infusion. Forearm blood flow did not change significantly during glucose infusion (baseline 2.7Ϯ0.7, glucose infusion 3.0Ϯ0.7 mlиmin Ϫ1 и100 ml Ϫ1 forearm, P ϭ NS). Phenylalanine concentration and specific activity are shown in Fig. 3 . Mean values for concentration, specific activity, fractional extraction, and arteriovenous concentration difference for the two sampling intervals are provided in Table II . All fractional extraction data are significantly different from zero (P Ͻ 0.05); the significance of the arteriovenous difference data versus zero is shown in the comparisons of arterial versus venous concentrations at the top of the table. Figs. 4 and 5 show phenylalanine net balance, uptake, and release across the forearm and adipose tissue beds, respectively. As can be seen, net balance of phenylalanine was negative in both the forearm and adipose tissue before and during glucose infusion. Phenylalanine uptake in the forearm did not change during glucose infusion. There was also no change in phenylalanine release in the forearm during glucose infusion. However, phenylalanine release decreased in adipose tissue from 44.1Ϯ11.4 to 19.9Ϯ7.5 nmolи100 grams of tissue , but the decrease was not statistically significant (P ϭ 0.08). Table III depicts systemic phenylalanine turnover together with estimates of whole body adipose tissue phenylalanine uptake and release, before and during glucose infusion. During the baseline period, adipose tissue phenylalanine release was ‫ف‬ 12% of systemic R a , declining to ‫ف‬ 6% during glucose infusion. Systemic phenylalanine R a decreased (P Ͻ 0.05) during glucose infusion.
Discussion
These studies demonstrate that simultaneous uptake and release of the essential amino acid phenylalanine occurs in abdominal adipose tissue of normal postabsorptive human subjects. To our knowledge, this is the first demonstration of evidence of phenylalanine uptake and release in adipose tissue in vivo and allows an estimate of the contribution of adipose tissue to whole body amino acid metabolism. Using the data on phenylalanine release from abdominal adipose tissue together with body fat mass determined by dual energy x-ray absorptiometry, it is possible to estimate phenylalanine kinetics in total body fat. This extrapolation suggests that ‫ف‬ 12% of phenylalanine R a is derived from adipose tissue. While this is a relatively small fraction of total R a , it is considerably greater than the apparent contribution of the myocardium to systemic phenylalanine appearance (14) . Caution is warranted in regard to such extrapolation, however, since the metabolic heterogeneity of human adipose tissue is well documented with differences in blood flow, lipolytic activity, and response to hormonal stimuli among the various adipose tissue depots (37) (38) (39) . Phenylalanine R a decreased significantly (P Ͻ 0.05) during glucose infusion, although the decrease was modest ‫ف(‬ 9%). Whereas it is possible that hyperglycemia could have been the cause of this change via a direct effect of glucose on phenylalanine metabolism, it seems more likely that the hyperinsulinemia resulting from glucose infusion was the mediator of changes in phenylalanine kinetics, both systemically and in adipose tissue. Other investigators have reported decreases of 20-40% in leucine (40) or phenylalanine (16) R a in response to systemic hyperinsulinemia. In these studies, insulin was infused at rates producing plasma insulin concentrations significantly higher (16, 40) than those observed during glucose infusion in the present study; when insulin was infused at a much lower rate in normal subjects, a decrease in leucine R a occurred comparable with that observed in the present study (7, 8) . Furthermore, the decrease in amino acid R a in some of the earlier studies (16, 40 ) was demonstrated after a longer duration of hyperinsulinemia. It should be recognized that a longer interval between the two sampling periods can in part account for lower rates of apparent phenylalanine R a because of progressive recycling of tracer, as has been documented with constant infusions of leucine (41) .
The dramatic (almost 60%) decrease in release of phenylalanine from adipose tissue observed in this study stands in contrast to the lack of effect of glucose infusion on forearm phenylalanine kinetics and could account for the majority of the decrease in systemic phenylalanine R a if matched by similar changes in other adipose tissue depots. An elegant study by Gelfand and Barrett found that local hyperinsulinemia (Ͼ 120 U/ml) induced by direct infusion of insulin into the brachial artery resulted in an ‫ف‬ 40% suppression of phenylalanine release from the forearm of normal volunteers (13) . In contrast, Tessari et al. found a decrease in systemic phenylalanine R a but not forearm phenylalanine release during a systemic euglycemic insulin clamp producing plasma insulin concentrations of ‫ف‬ 75 U/ml (16) . In that study, forearm phenylalanine release actually decreased by Ͼ 20%, but the change was not significant. The discrepancy between the findings of Tessari et al. and those of Gelfand and Barrett may relate to differences between localized (13) and systemic (16) hyperinsulinemia, since a significant decrease in arterial plasma phenylalanine concentrations occurs in the latter, but not the former situation. Alternatively, the failure of Tessari et al. to demonstrate a significant decrease in forearm phenylalanine release (16) could be due to a type II statistical error. In this study, forearm phenylalanine release did not change. Although our subjects had a lesser degree of hyperinsulinemia compared with previous studies (35 vs. 75-125 U/ml, references 13 and 16), the failure to suppress forearm phenylalanine release may relate to the concurrent presence of hyperglycemia, which can independently stimulate proteolysis (42) . This interpretation is supported by the observation that direct intraarterial insulin infusion producing increases in insulin concentration of only 20 U/ml results in a significant antiproteolytic effect in the forearm of normal postabsorptive subjects (43) .
The decrease in phenylalanine release from adipose tissue in response to glucose infusion may have been due in part to a decrease in adipose tissue blood flow. There were also nonsignificant decreases in fractional extraction of phenylalanine and in the arteriovenous concentration differences in adipose tissue; these changes also contributed to the significant decrease in phenylalanine release. This decrease in blood flow is similar to the response to intravenous insulin (31) and contrasts with the increase in blood flow observed after a mixed meal (29) .
We found that the net balance of phenylalanine was negative in both forearm and adipose tissue, even during hyperinsulinemia induced by glucose infusion. Similar results have been reported by others in both forearm (13) and myocardium (14) but should not be taken to necessarily indicate net protein catabolism, since a significant amount of precursor amino acid for protein synthesis can derive from large molecular weight proteins such as albumin which are taken up from arterial plasma by a variety of tissues and degraded (15) .
The combination of tracer infusion and the arteriovenous balance technique is particularly powerful in that it permits partitioning of uptake and release. This approach has been used successfully in the measurement of the regional metabolism of free fatty acid acids (44) and acetate (45) as well as phenylalanine (13) . Although the present study is the first application of this approach in adipose tissue, there have been several reports of successful measurement of arteriovenous concentration differences in adipose tissue using cannulation of the superficial epigastric vein (46) . This vein represents a nearly pure venous effluent from abdominal adipose tissue with little apparent contamination from underlying fascia and muscle (47, 48) . Although adipose tissue blood flow is relatively brisk with resulting small arteriovenous differences in a variety of substrates, we demonstrated significant differences between arterial and abdominal venous phenylalanine concentration and specific activity in this study, in part because of the excellent precision (coefficient of variation Ͻ 3%) of the HPLC method used for the measurements. The use of tracers in this study, as in any study using isotope dilution, generates minimal estimates of both whole body and regional kinetics because of tracer disequilibrium resulting in lower specific activities within intracellular pools (49) . Thus, the rates of release found in the present study are inevitably lower than actual rates of proteolysis.
The discrepancy between the antiproteolytic effect of glucose infusion in adipose tissue and in the forearm is not en-tirely surprising. It seems likely that the significant effects of glucose infusion were mediated by insulin, especially since hyperglycemia per se appears to increase proteolysis in the absence of insulin (42) . The degree of hyperinsulinemia achieved in our study was modest. Adipose tissue is known to be more sensitive to the antilipolytic effects of insulin than are muscle and liver with respect to the effects of insulin on glucose metabolism (50); significant suppression of hormone-sensitive lipase in adipose tissue occurs with changes in insulin concentration of Ͻ 2 U/ml (51). The concentration threshold for the antiproteolytic effects of insulin in various tissues is not known and will require further study.
In summary, our results demonstrate active uptake and release of phenylalanine in human adipose tissue. Since phenylßalanine is not oxidized in extrahepatic tissues (4), its uptake in adipose tissue likely reflects protein synthesis. Similarly, since phenylalanine cannot be synthesized, its release from adipose tissue is a reflection of proteolysis. The marked suppression of phenylalanine release from adipose tissue which occurred during glucose infusion is likely mediated by moderate hyperinsulinemia.
